Abstract-This paper presents results of experiments using a variety of antennas inside several buildings. Path loss models are presented for the 1.3 GHz and 4.0 GHz bands, and indicate little difference in indoor path loss throughout the low-microwave region. Results show that line-of-sight (LOS) channels offer significantly more cross-polarization discrimination than obstructed (OBS) channels. A profound result is that directional circularly polarized (CP) antennas always reduce rms delay spread when compared to omnidirectional and directional linearly polarized (LP) antennas in LOS. The variation of rms delay spread as a mobile moves over several wavelengths is also greatly reduced when CP antennas are used.
I. INTRODUCTION

HIS letter presents results of rms time delay spread and
T path loss measurements within five dissimilar buildings during three measurement campaigns. In the first campaign, measurements were made at 1.3 and 4.0 GHz using two different base station antenna heights (1.7 and 4.0 m) and omnidirectional linear polarized (LP) antennas. In the second and third campaigns, measurements were made with a variety of transmit and receive antennas at 1.3 GHz. The measurements have provided path loss and time dispersion statistics that can be used for system design of indoor wireless networks [l] . Preliminary results from the first campaign were published in [2] . Here we show CP antennas reduced the variability of multipath spread for portable users in LOS channels when compared with LP antennas having similar gains.
11. MEASUREMENT SYSTEM The dual-channel wide-band pulsed radar system used in all three campaigns is described in [2] . The system generates a repetitive radio frequency (RF) probing pulse with a 4 ns root mean square pulse width and a 10 ,us pulse repetition period. The 4 ns pulse probe provides approximately one meter of spatial resolution in the multipath power delay profiles. A triggering cable was connected between the transmitter and receiver to ensure accurate gating of the wide-band receiver. Peak transmitter power delivered to the antenna was 1 W at 1.3 GHz and 10 W at 4.0 GHz. The factor of 10 difference between the power levels closely compensates for the factor of 9 (AT,, GHz/Xi,O GHz) difference in free space path loss between the two frequencies at a specific T -R separation.
Wide-band antennas were used to prevent probe smearing.
While work has been published showing the effectiveness of polarization diversity in indoor channels [3] , we have not seen work that shows the delay spread improvement offered by circular polarization (CP) inside buildings. A CP wave can be decomposed into two orthogonal wave components (i.e., horizontal and vertical), with one component leading the other by 90". At a boundary between free space and a good reflector, all electric field components which are tangential to the boundary undergo a 180" phase shift upon reflection, and all components normal to the boundary do not undergo a phase shift. For CP, the 180' phase shift at a reflection boundary results in a reversal of the sense of the CP wave. If the receiver antenna is also CP with the same sense as the transmitter antenna, the reflected wave will be rejected upon reception. In indoor and microcell environments, this appears to offer immunity against multipath delay spread [l], [6] . In this work, CP was created using helical antennas [l] .
MEASUREMENT PROCEDURE
Campaign 1
Wide-band multipath measurements were recorded in four buildings, denoted Sites A through D. Site A is a typical sports arena. Sites B and C are typical, but dissimilar, factory buildings, and Site D is a six story closed-plan office building. A more detailed description of the buildings and simultaneous narrow-band measurement results are given in [l] . To statistically characterize the signal strength coverage and time dispersion in future wireless indoor systems, several widely separated receiver base station locations were used in each building. With the receiver fixed at each base station location, the transmitter was moved to 4-6 measurement locations, at distances ranging between 10 to 100 m from the receiver. A total of 57 measurement locations using 13 base station locations were used. At each measurement location, the transmitter traversed a 32 wavelength (A) track at a uniform speed on an autonomous guided vehicle (AGV) while the base station recorded 128 power delay profiles at X/4 intervals. This process was repeated four times at each measurement location, at both 1.3 GHz and 4.0 GHz with both high (4 m) and low (1.7 m) base station antenna heights. RMS delay spread values for each measurement location in Campaign #1 are represented as the average of the rms delay spreads of each of the 128 profiles. along a track 0090-6778/92$03.00 0 1992 IEEE TABLE I   AT EACH LOCATION DURING CAMPAIGN 2   DESCRIPTIONS OF THE EIGHT POLARIZATION MEASUREMENTS PEKFOKMEU VV-Base station and mobile using vertical polarization (discones). HH-Base station and mobile using horizontal polarization (discones). VH-Base station using vertical polarization, mobile using horizontal CV-Base station using circular polarization with the helical always polarization. Commonly referred to as linear cross-pol (discones).
pointed in the direction of the mobile, mobile using vertical polarization (discone). CH-Base station using circular polarization with the helical always pointed in the direction of the mobile, mobile using horizontal polarization (discone).
antennas always pointed in the direction of each other. We call CP-On Boresight. 
Campaign 2
A second series of measurements were conducted in Site D and in a large single-story grocery store, denoted as Site E . Measurements in Site D were made along corridors and around corners of main hallways on the second and third floors. As in the first campaign, the transmitter was moved to several measurement locations for each base station location. Nine measurement locations were used for one second floor base station, and seven measurement locations were used for one third floor base station. Measurements in Site E were made using one base station, located in a corner of the shopping area, while 16 measurement locations were selected between and around grocery store aisles.
At each measurement location, eight polarization measurements were made at 1.3 GHz to explore the effect of signal polarization and antenna directivity on rms delay spread and path loss. For Campaign 2, only one impulse response estimate was recorded at a stationary location for each measurement location. The eight antenna/polarization configurations are listed in Table I , and used either omnidirectional 1.5 dBi LP discone antennas or 9 dBi CP helical antennas with a 3 dB beamwidth of approximately 30". The discones offer very similar gains over 1 to 0.4 GHz.
Campaign 3
Measurements in Campaign 2 were useful for comparing channel parameters between low gain antennas and high gain directional antennas, but did not allow comparisons between directional CP antennas and directional LP antennas. To explore the impact of CP on propagation parameters, additional measurements were made at identical locations using directional LP log-periodic antennas, directional CP helical antennas, and omnidirectional LP antennas. These measurements allowed us to isolate the delay spread reduction offered by polarization with that offered by directivity. The Campaign 3 measurements were conducted at six Site D locations where three measurement locations provided a lineof-sight (LOS) channel along hallways, and three locations provided obstructed (OBS) channels around corners of hallways. At each measurement location, ten power delay profiles were recorded at X/4 intervals over a distance of 2.5X [l].
The directional log-periodic linear polarized antennas had gains of 7 dBi and a 3 dB beamwidth of about 50". Thus, the CP helical antennas had slightly more gain than the linear polarized log-periodic antennas. However, all Campaign 3 measurements were made in a building with 2.6 m wide corridors, in which the field of vision for significant multipath components rarely exceeded 15" in any plane. Thus, propagation differences were expected to be caused primarily by polarization rather than antenna pattern differences between the log-periodic and helical antennas.
IV. RESULTS
The rms delay spread ( e T ) of a multipath channel is a time dispersion parameter that characterizes multipath channels and can be used to estimate data rate and bandwidth limitations for some unequalized multipath channels [5] - [8] . Here we present delay spread results in the form of cumulative distribution functions (CDF) to illustrate the effects of frequency, building, topography, antenna height, directivity, and polarization. Path loss is computed from the wide band power delay profiles using the technique reported in [8] . Path loss results are given in dB above a 1 m free space reference measurement, denoted as PL (dBr,,,,), and are presented in the form of scatter plots and tables. Least-squared error d" path loss models are used to characterize the received signal power using different antenna heights, topographies, and buildings. Table I1 illustrates the power law exponent n and standard deviation 4 about the best fit dn model found from measurements in Campaign 1. Table I1 supersede results originally published in [2] , which were later found to be in error. Only minor differences were found between high and low antennas for either frequency band [l] . However, as is the case for rms delay spread, path loss is affected by topography. In OBS topographies, n is 2.35 and 2.44 for 1.3 and 4.0 GHz, respectively, whereas, in LOS topographies, n is 1.84 for both frequencies. At both frequencies, the LOS models indicate better than free space propagation (n = 1.84 calculated versus 2.00 for ideal free space). Fig. 3 shows a CDF of rms delay spread for vertical, horizontal, and linear cross-pol (defined as when the LP antenna orientation at the receiver is orthogonal to the antenna orientation at the transmitter) measurements using omnidirectional discone antennas at all Campaign 2 receiver locations. No significant difference in cT is found for one sense of LP over the other, as the median value of uT for both polarizations is between 27 and 30 ns, although median rms delay spread increases to 35 ns for cross-pol measurements. Fig. 4 shows a scatter plot of path loss values for horizontal, vertical, and linear cross-pol omnidirectional antennas. Similar to delay spread results, path loss values are independent of linear polarization sense. The calculated values of power law exponent n for all Campaign 2 measurements are 2.20 and 2.23 for vertical and horizontal polarization, respectively. The standard deviations g about the d" model are 8.6 and 10.4 dB for vertical and horizontal polarization, respectively. The cross-pol results indicate greater path loss with distance, as n = 2.63 and c = 7.1 dB. This can be explained by polarization isolation offered by the channels [l] . Fig. 5 shows a measure of polarization isolation in different channels by plotting the cross-pol discrimination between discone antennas as a function of CO-pol path loss. Each point indicates the increase in path loss using cross-pol antennas as compared to the average path loss experienced for the case when linear CO-pol antennas are used at the same location.
Campaign 1 Results
Campaign 2 Results
1) Linear Polarized Antennas:
Path Loss vs. Log T-R Separatlon
Both sites included For example, the highest point on the plot indicates that for a particular LOS location, the cross-pol path loss was 17 dB higher than the average co-pol path loss, which is 20 dB above a 1 m free space reference. The co-pol path loss was computed as the average of the two path loss values measured when both the transmitter and receiver simultaneously used either vertical or horizontal antennas on the link. The mean values of cross-pol discrimination for LOS and OBS topographies are 8.3 and 2.8 dB, respectively. Fig. 5 suggests that in LOS environments, the received signal is dominated by the LOS component, which is not depolarized. Conversely, in OBS topographies, reception is primarily due to reflection, diffraction and scattering, which depolarizes the transmitted signal. In fact, [3] reported negative cross-pol discrimination in some OBS channels. Note for LOS channels, however, Fig. 5 shows cross-pol discrimination is much better than reported in [3] , which suggests that in LOS channels, CP could offer significant reductions in delay spread due to the preservation of the polarization of the LOS signal.
The standard deviation of cross-pol discrimination results is 3.4 dB for LOS topographies and 2.5 dB for OBS topographies. The three LOS locations that offer the largest discrimination cause the LOS standard deviation to be greater than for OBS, as all other LOS discrimination values range between 5 and 10 dB. Measurements recorded down hallways in Site D account for the three largest discrimination values in Fig. 5 . In such environments, strong multipath components are due to single-hop reflections from relatively smooth surfaces (walls and floor)-objects which tend to depolarize the signal less than objects which appear finite in size with rough surfaces 2) Circularly Polarized Antennas: Fig. 6(a) and (b) compare the rms delay spread CDF for CP on-axis (Cl from Table I) , CP 45" off-axis (C2 and C3), base circular to mobile linear (CH and CV), and LP (VV and HH) measurements for all Campaign 2 measurement locations in LOS and OBS topographies, respectively. For LOS and OBS channels, there is a significant reduction in (T, for CP directional antennas compared to LP omnidirectional antennas. For example, in LOS channels, worst case oT is 45 ns for linear omnidirectional antennas at base and mobile, 32 ns for a directional CP transmitter antenna and omni receiver, and only 8 ns for CP directional antennas at both base and mobile. Even when one of the CP antennas is pointed 45" off-axis, there is a substantial decrease in worst case delay spread (25 ns) when directional rather than the omnidirectional antennas are used in LOS channels. This was also shown in [6] for building-to-building links. Fig. 6( b) indicates the delay spread reduction is not as significant for OBS topographies, and the robustness to pointing error is not as good, either. Nevertheless, it is apparent that in general, delay spread is reduced when directional CP antennas are selected over linear omnidirectional antennas. Fig. 7 (a) and (b) show scatter plots comparing path loss results for directional CP (on-axis) and omnidirectional LP antennas in LOS and OBS topographies, respectively. For all antennas, the maximum (on-boresight) antenna gains have been factored out of path loss calculations to compare path loss measurements using CP and omni-directional antennas. Although delay spread values improve with directional CP antennas, wide band path loss becomes greater. For LOS results, 71 values are 1.74 and 1.54 for CP and LP antennas, respectively. Path loss difference is much more significant in OBS topographies, in which I I values are 3.50 and 2.70 for CP and LP, respectively. The path loss difference is more severe for OBS topographies since propagation in such environments is typically via many paths coming from many directions, whereas in LOS environments the power delay profile is typically dominated by the direct LOS component [4] , [XI. Thus, when a directional antenna is pointed in a particular direction, power delay profiles recorded in OBS topographies may lack significant components arriving over paths not illuminated by the antenna. However, when the gains of the CP and LP antennas are placed into the link margin equations, the actuul received power of both links is much closer than the path loss difference shown in Fig. 7(b) .
[11.
Cumpaign 3 Results
To further understand the delay spread reduction offered by CP directional antennas, several measurements were made using log-periodic LP antennas in addition to the discone and CP helical antennas. Six measurement locations were selected in Site D, and results are given in Table 111 and Fig. 8(a) and (b). rms values in Table 111 were computed as the spatial average of 10 individual oT values measured over a 2.5 wavelength track. Table 111 compares average time dispersion for a vertically polarized omnidirectional link, horizontally polarized omnidirectional link, vertically polarized directional link, horizontally polarized directional link, and a circularly polarized directional link at these six measurement locations.
The five antenna configurations designated in Table 111 were identical for both the transmitter and receiver. The data in Table 111 were measure3 with transmitter and receiver located in and around hallways with antennas pointed directly towards each other. The line-of-sight separation distance and the type of path are also given in the table entries. The three LOS locations were selected in long hallways, and the three OBS locations were where the transmitter and receiver were located in different corridors on the same floor. Average values of or for the three LOS locations using directional CP antennas were about 2.5 ns, and were consistently lower than those using either horizontal or vertical directive LP antennas. (The rms delay spread calculation was made using the time of the peak of the first detectable pulse - set to t = 0. This is why values of or are less than the rms pulse width of -4 ns). For OBS channels, Table I11 suggests that or may be reduced when using CP in some, but not all, cases. Table 111 is given in [l, ch. 51 and is a subject of active research. Table 111 does not indicate the small scale behavior of oT within a local area. Fig. 8(a) shows the small scale variation of or over a 2.5 wavelength track for the five antenna configurations listed in Table 111 , in a representative LOS channel. Additional data can be found in [l] , and are similar to results shown here. Fig. 8(a) shows that for a LOS location, the variation of ur is greatly diminished when omnidirectional antennas are replaced by directional LP antennas, and when directional CP antennas are used, the rms delay spread is reduced further and remains virtually unchanged over the 2.5A track. Fig. 8(b) shows the variation of oT is greater over small scale distances in a representative OBS channel, and shows that CP also provides less variation in oT than Fig. 8 (b) also shows that LP directional antennas can offer smaller time dispersion than CP directional antennas at certain locations. These results clearly indicate how polarization diversity with directionality can be used to reduce rms delay spread in indoor channels, and show that CP is an effective polarization diversity state. That is, an indoor receiver could select between a variety of directional antennas, including CP, to determine the smallest time dispersive link.
The same propagation mechanisms that make CP attractive for delay spread reduction will likely hold for interference rejection, as well. Our work suggests that CP could be used effectively with linear polarization diversity and directivity to mitigate multipath, and shows that CP may be an effective technique for minimizing the small scale variation of multipath delay spread when compared with LP antennas of comparable gain. It should be possible to exploit the smaller delay spread offered by CP antennas for improved high data rate transmission in indoor channels. The smaller variation of delay spread offered by CP antennas could be useful for many implementation aspects of emerging wireless networks.
